The intraorgan renin-angiotensin system (RAS) plays an important role in the pathophysiology of a variety of diseases and has been implicated in fibrogenesis. The role of RAS in the development of chronic pancreatitis is not well established. The blockade of RAS in rat models with angiotensin-converting enzyme inhibitors (ACEi) or angiotensin receptor 1 (AT1) blockers (ARBs) mostly have reduced pancreatic inflammation and fibrosis with a few exceptions. At the same time, the use of ACEi and ARBs in humans is associated with a modest risk of acute pancreatitis. The aim of this study was to elucidate the effect of the AT1 signaling pathway in the development of pancreatitis using AT1a-and AT1b-deficient mice as well as the ARB losartan. Chronic pancreatitis was induced by repetitive cerulein administration in C57BL/6J wild-type (WT) and AT1a-and AT1b-deficient mice (AT1aϪ/Ϫ and AT1bϪ/Ϫ), and pancreatic injury was assessed at day 10. Pancreatic weight of cerulein treated groups was significantly reduced. There was severe parenchymal atrophy and fibrosis assessed by histological examination. Fibrosis was accompanied by activation of pancreatic stellate cells (PSC) evaluated by Western blot analysis for ␣-smooth muscle actin. No differences were seen between cerulein-treated WT, AT1aϪ/Ϫ , AT1bϪ/Ϫ mice, or losartan treated-WT mice with regards to morphological or molecular alterations induced by cerulein. Our results demonstrate that AT1a and AT1b receptor pathways do not seem to be essential for the development of pancreatitis in the mouse model of pancreatitis induced by repetitive cerulein injury. renin-angiotensin system; losartan; angiotensin receptor 1 CHRONIC PANCREATITIS IS A CONDITION characterized by irreversible damage of the exocrine and to a lesser extent the endocrine pancreas, leading to pain, malnutrition, and diabetes. The causes of pancreatitis include alcohol abuse, gallstones, and hereditary predisposition although often the cause of chronic pancreatitis cannot be determined (idiopathic). The main histological features of chronic pancreatitis are chronic inflammation, progressive parenchymal atrophy, and extensive fibrosis of the exocrine pancreas (for review see Ref. 47). The pathophysiology of chronic pancreatitis is not completely understood although a number of advances have been made in recent years. The most accepted theory is that repeated acute attacks of pancreatic necroinflammation together with a dysregulated ability to repair organ damage leads to activation of a fibrotic cascade and loss of parenchymal mass (the necrosisfibrosis concept). Pancreatic stellate cells (PSC) are now established as the key cells initiating fibrosis and as a primary source of the fibrotic collagen extracellular matrix (see review in Ref. 29). Despite the better understanding of the mechanism of pancreatitis, no specific treatment is available for this disease.
renin-angiotensin system; losartan; angiotensin receptor 1 CHRONIC PANCREATITIS IS A CONDITION characterized by irreversible damage of the exocrine and to a lesser extent the endocrine pancreas, leading to pain, malnutrition, and diabetes. The causes of pancreatitis include alcohol abuse, gallstones, and hereditary predisposition although often the cause of chronic pancreatitis cannot be determined (idiopathic). The main histological features of chronic pancreatitis are chronic inflammation, progressive parenchymal atrophy, and extensive fibrosis of the exocrine pancreas (for review see Ref. 47) . The pathophysiology of chronic pancreatitis is not completely understood although a number of advances have been made in recent years. The most accepted theory is that repeated acute attacks of pancreatic necroinflammation together with a dysregulated ability to repair organ damage leads to activation of a fibrotic cascade and loss of parenchymal mass (the necrosisfibrosis concept). Pancreatic stellate cells (PSC) are now established as the key cells initiating fibrosis and as a primary source of the fibrotic collagen extracellular matrix (see review in Ref. 29) . Despite the better understanding of the mechanism of pancreatitis, no specific treatment is available for this disease.
Traditionally, renin-angiotensin system (RAS) has been considered to be an endocrine system regulating blood pressure and body-fluid homeostasis (31) . It is now recognized that RAS also acts as an intraorgan local mediator of different pathophysiological processes, including cell proliferation, apoptosis, inflammation, and fibrosis (30) . The main bioactive peptide of RAS is angiotensin II (AII). AII is produced from its hepatic precursor angiotensinogen (AGT) by sequential proteolytic action of two enzymes: renal synthesized renin (producing angiotensin I peptide) and pulmonary-bound angiotensin-converting enzyme (ACE) (producing AII peptide). The main AII receptors are G protein-coupled receptors designated as angiotensin receptor type 1 (AT1) and angiotensin receptor type 2 (AT2). There are two subtypes of the AT1 receptor (AT1a and AT1b) in rodents. The majority of the pathophysiological functions of AII are mediated through the AT1 receptor. Treatment with blockers of AII actions, such as ACE inhibitors or AT1 receptor blockers (ARBs), are well-established therapies in ameliorating heart failure, hypertension, and kidney damage in human. Recent studies have shown that these inhibitors can also decrease inflammation and fibrosis of the heart, kidney, and liver in animal models of fibrotic diseases (34, 37, 51) .
All components of RAS are intrinsically present in the pancreas, and the level of RAS is enhanced in animal models of pancreatic diseases (for the review see Ref. 18 ), suggesting a role for RAS in the development of pancreatitis. The inhibition of RAS with ACE inhibitors and ARBs was reported mostly to ameliorate the development of acute and chronic pancreatitis in rat models (17, 48 -49) . However, there are some controversies concerning the effects of RAS inhibitors on the course of pancreatitis. For example, Tsang et al. (41) reported that losartan, an ARB, ameliorated cerulein-induced acute pancreatitis in rats, but the ACE inhibitor ramiprilat enhanced acute pancreatitis in the same model (42) . The mechanisms involved in the anti-inflammatory and antifibrotic effects of ACE inhibitors and ARBs are not completely understood. Their effects may not be attributed solely to their inhibition of AII pathways. There is accumulating evidence that some of these inhibitors are partial peroxisome prolifera-tor-activated receptor (PPAR)-␥ agonists and therefore may exert their effects through the PPAR-␥ nuclear receptor pathway (7, 38) .
The use of ACE inhibitors and ARBs in humans has been associated with an increased risk of acute pancreatitis (2, 8 -9, 36) . The mechanism of this adverse reaction is not clear. One of the effective ways to investigate the specific role of AII signaling is to use genetically engineered animals deficient in angiotensin receptors. Recently, using AT2-deficient mice, we have shown that AT2 receptor signaling has protective effects in a mouse model of cerulein-induced pancreatic fibrogenesis (44) . Nagashio et al. (25) evaluated AT1a-deficient mice in a cerulein-induced model of pancreatitis and found that the AT1a receptor pathway was not essential in the development of acute pancreatitis but plays a role in the development of pancreatic fibrosis. The AT1a isoform is the predominant receptor in a number of mouse tissues (21) . In contrast, we and others have demonstrated that both isoforms, AT1a and AT1b, are expressed at comparable levels in the pancreas (19, 25, 44) . Interestingly, repetitive cerulein treatment caused differential regulation of AT1 receptor isoform mRNA, increasing AT1b and decreasing AT1a transcript levels (44) . It is unclear which isoform functions most like the human AT1 gene product. The aim of the present study was to clarify the role of AT1 receptor signaling in pancreatitis by examining both isoforms in a model of chronic pancreatitis.
To clarify the role of the AT1 receptor signaling in the pathophysiology of chronic pancreatic injury, we compared the response to repetitive cerulein-induced pancreatic injury in wildtype (WT) and AT1a-and AT1b-deficient mice (AT1aϪ/Ϫ and AT1bϪ/Ϫ). Double knockout mice deficient in both AT1a and AT1b are not sufficiently viable to rigorously evaluate, so we also studied the effect of the ARB losartan, an inhibitor of both AT1a and AT1b isoforms on the course of repetitive cerulein-induced pancreatic injury in mice.
MATERIALS AND METHODS
Animals. AT1aϩ/Ϫ and AT1bϪ/Ϫ mice on a C57BL/6J background were kindly provided by Dr. Thomas Coffman (Duke University) (14, 28) . AT1aϩ/Ϫ mice were intercrossed to generate AT1aϪ/Ϫ mice. WT control C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All mice were housed in standard facilities under controlled conditions of temperature, humidity and a 12-h:12-h light/dark cycle and were maintained on standard rodent chow with free access to water. Animal care and all procedures were approved by the institutional animal care committee of Saint Louis University.
Experimental pancreatitis and tissue processing. Chronic pancreatitis was induced by repeated intraperitoneal (IP) injections of 50 g/kg per hour cerulein (Sigma, St. Louis, MO) as described previously (26, 44) . Control mice from all genotypes received comparable injections of sterile 0.9% sodium chloride (saline). Six hourly injections given in 1 day constituted one treatment. Treatments were given every other day for a total of three treatments. To allow resolution of acute changes, mice were euthanized by CO 2 asphyxiation 3 days after their final cerulein treatment. Pancreatic tissues were harvested, weighed, and divided into sections. Sections were immediately frozen in liquid nitrogen and stored at Ϫ80°C for subsequent protein extraction and Western blot analysis, fixed in 10% neutral buffered formalin solution (Sigma) for histological analysis, or placed in an RNA stabilization solution (RNAlater; Ambion, Austin, TX) and stored overnight at 4°C for RNA isolation and subsequent RT-PCR analysis.
To assess the effect of AT1a and AT1b receptor blockade, the AT1 receptor antagonist losartan (gift from DuPont Pharmaceuticals, Wilmington, DE) was given to mice by IP injection twice daily starting 2 days before the induction of pancreatitis with cerulein and then every day during the experiment (11 days total). Different doses of losartan (20 mg/kg per day, 5 mg/kg per day, 2 mg/kg per day, and 0.5 mg/kg per day) were evaluated.
Histological analysis. Formalin-fixed pancreatic sections were embedded in paraffin, and 5-m sections were stained with hematoxylin and eosin according to standard methods. Severity of pancreatitis was blindly graded by an experienced pathologist using a semiquantitative scoring system similar to systems previously described (5, 45) . Within pancreatic sections, areas of abnormal pancreatic tissue architecture were graded as follows: 0 ϭ absent, 1 ϭ rare, 2 ϭ Ͻ10%, 3 ϭ 10 -50%, 4 ϭ Ͼ50%. Within these areas, glandular atrophy, presence of pseudotubular complexes, and necrosis were graded as follows: 0 ϭ absent, 1 ϭ minimal Ͻ10%, 2 ϭ moderate 10 -50%, and 3 ϭ severe Ͼ50%. In addition, the presence of acute inflammatory cells (mainly neutrophils) and chronic inflammatory cells (mononuclear cells) was graded as: 0 ϭ absent, 1 ϭ minimal, 2 ϭ mild, 3 ϭ moderate, and 4 ϭ severe. To assess pancreatic collagen content, sections were stained with Sirius red. Sections were pretreated to remove paraffin and stained in 0.1% Sirius red (F3B) solution in saturated picric acid for 1 h. Slides were then washed in two changes of 0.09 N acetic acid, dehydrated in three changes of 100% ethanol, cleared in xylene, and finally mounted in Permount (Fisher Scientific, Fair Lawn, NJ). The extent of collagen accumulation was evaluated by morphometric analysis (10) . Images were captured with all exposures manually set at equal times for all sections using a Leica DM4000 B microscope equipped with a QICAM FAST 1394 (Surrey, BC, Canada) digital camera by an investigator blinded to treatment group. Nonoverlapping images from each pancreas were acquired using the ϫ20 objective. Image analysis was performed using ImageJ software (ImageJ 1.37v; National Institute of Health, Bethesda, MD) as previously described (44) . The amount of collagen was expressed relative to the amount of collagen in the WT saline control group.
Western blotting. Pancreatic tissue sections were homogenized in ice-cold RIPA buffer containing 50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, and a freshly added mixture of a protease inhibitor cocktail (Sigma). Protein extracts (20 g total protein) were resolved by SDS-PAGE and blotted to polyvinylidene fluoride membranes. Blots were blocked in 5% nonfat dried milk in Tris-buffered saline-Tween buffer (10 mM Tris·HCl, pH 7.4, 0.9% NaCl, 0.05% Tween-20) and probed with monoclonal antibody to ␣-smooth muscle actin (␣-SMA) (Sigma). For the loading control, blots were probed with an antibody to histone deacetylase (HDAC2) (Santa Cruz Biotechnology, Santa Cruz, CA). Signals were developed using horseradish peroxidaseconjugated anti-mouse IgG (Sigma) for ␣-SMA and anti-rabbit IgG (Santa Cruz Biotechnology) for HDAC2 and ECL Plus Western Blotting Detection Reagent (Amersham, Buckinghamshire, UK) followed by detection with X-ray film. Protein band intensities were quantified using Personal Densitometer SI and ImageJ software (ImageJ 1.37v; National Institute of Health).
Real-time RT-PCR. To prepare total RNA, pancreatic tissue in RNA stabilization solution (RNAlater, Ambion) was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The quantity and purity of RNA was verified by measuring absorbance at 260 and 280 nm. For real-time RT-PCR assays, 2 g of total RNA was treated with Turbo-DNase (Ambion) and reverse transcribed to complementary DNA (cDNA) using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen).
RT-PCR was performed with MiQ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) using iQ SYBR Green Supermix (Bio-Rad Laboratories) according to the manufacturer's instructions. PCR primers were either designed using Primer Express software (Applied Biosystems, Foster City, CA) or were based on the sequences from Primer Bank (46) . AT1a primers were designed according Kudoh et al. (16) . The specificity of the PCR primers used to identify AT1b receptor was confirmed previously (44) . Primer sequences of transcripts evaluated by real-time quantitative PCR are shown in Table 1 . Threshold cycle numbers were determined using iCycler software version 1.0 (Bio-Rad). Amplification products were verified by melting curves. Control reactions in the absence of template were used as negative controls. Results were calculated with normalization to acidic ribosomal phosphoprotein P0 mRNA, a reliable housekeeping gene for detecting fibrotic changes in the pancreas (12, 24) . Relative changes in mRNA abundance were calculated using the comparative threshold cycle (Ct) method (20) .
Statistical analysis. The results were expressed as means Ϯ SE. Statistical analysis was performed using one-way ANOVA followed by two-tailed t-tests with P values Ͻ0.05 being considered statistically significant (SigmaPlot 9.0; Systat Software, San Jose, CA).
RESULTS

Expression of AT1a and AT1b mRNA in the pancreas.
To confirm the expression of AT1a and AT1b receptors in the mouse pancreas and the absence of AT1a receptor in AT1a knockout mice and AT1b receptor in AT1b knockout mice, we performed real-time RT-PCR analysis (Fig. 1) . WT mice expressed both AT1a and AT1b receptor mRNA. As expected, AT1a receptor expression was absent in AT1a knockout mice, and AT1b receptor expression was absent in AT1b knockout mice. Antibodies that distinguish AT1a from AT1b are not available to assess differential expression at the protein level.
Effect of AT1a receptor deletion on the severity of chronic pancreatic injury following repeated episodes of acute pancreatic injury. To evaluate the role of the AT1a receptor in pancreatic remodeling and fibrosis associated with repeated injury, 7-wk-old AT1aϪ/Ϫ and WT mice (8 mice per group) were subjected to three episodes of acute cerulein injury per week and euthanized 3 days after the last cerulein injection. The ratios of pancreatic weight to body weight as well as histological changes in the pancreas were evaluated in the cerulein-treated mice and saline-treated control groups. Pancreatic weights were significantly lower (about twofold) in cerulein-treated groups compared with control mice (Fig. 2A) , indicating significant organ atrophy with repetitive injury. No differences were found between saline-treated WT and AT1aϪ/Ϫ mice, and no differences were found between cerulein-treated WT and AT1aϪ/Ϫ mice. Morphological changes in the pancreas were assessed by hematoxylin and eosin staining. All mice treated with repeated cerulein injections displayed histopathological signs of chronic pancreatitis as reflected by abnormal architecture, glandular atrophy, pseudotubular complexes, necrosis, and inflammatory cell infiltrate ( Fig. 2B and Table 2 ). However, no statistically significant differences were found in any histological parameters between AT1aϪ/Ϫ and WT groups.
Effect of AT1a receptor deletion on collagen deposition following repeated episodes of acute pancreatitis. Sirius red staining was used as a measure of collagen deposition in the pancreas (22) . In control saline-treated mice, Sirius red staining was detected only in interlobular areas and around vessels and pancreatic ducts (Fig. 3Aa) . AT1a deletion did not change the pattern or intensity of Sirius red staining under these conditions (Fig. 3Ab) . Repetitive cerulein treatment strongly increased interlobular and periacinar staining in both WT and AT1aϪ/Ϫ mice (Fig. 3 , Ac and Ad). To quantify these fibrogenic changes, the extent of Sirius red staining was evaluated with morphometric image analysis (Fig. 3B) . The analysis confirmed that, although cerulein treatment caused a marked increase in the pancreatic collagen deposition, there was no difference in collagen staining between WT and AT1aϪ/Ϫ mice.
Effect of AT1a receptor deletion on PSC activation following repeated episodes of acute pancreatitis. Activated PSC are known to mediate fibrogenesis in the pancreas. When activated, PSC express ␣-SMA. To analyze the level of PSC activation, we measured ␣-SMA expression in pancreas of mice treated with repeated episodes of cerulein injections or saline. Western blot analysis demonstrated that ␣-SMA expression was strongly increased in cerulein-treated mice (Fig. 4A) . No significant differences in the increased ␣-SMA expression were noted between WT and AT1aϪ/Ϫ mice with cerulein treatment (Fig. 4B) .
Effect of AT1a receptor deletion on AGT and AT1b and AT2 receptor mRNA expression in the pancreas. Transcript levels of AGT and AT1b and AT2 receptors were analyzed in the pancreas of WT as well as AT1aϪ/Ϫ mice following control saline or repetitive cerulein treatment using real-time RT-PCR. The expression of AGT mRNA without cerulein treatment was ARP  NM_007475  5=-AGATTCGGGATATGCTGTTGGC-3=  5=-TCGGGTCCTAGACCAGTGTTC-3=  Agt  NM_007428  5=-GTTCGCCATC TACGAGCA-3=  5=-TGCTCGTAGATGGCGAACAGG-3=  AT1a  NM_177322  5=-TCACCTGCATCATCATCTGG-3=  5=-AGCTGGTAAGAATGATTAGG-3=  AT1b  NM_175086  5=-TGGCTTGGCTAGTTTGCCG-3=  5=-ACCCAGTCCAATGGGGAGT-3=  AT2  NM_007429  5=-AACTGGCACCAATGAGTCCG-3=  5=-CAAAAGGAGTAAGTCAGCCAAG-3= ARP, acidic ribosomal phosphoprotein P0; Agt, angiotensinogen; AT1a, angiotensin receptor type 1a; AT1b, angiotensin receptor 1b; AT2, angiotensin receptor 2. Fig. 1 . Angiotensin receptor type 1a (AT1a) and AT1b mRNA expression in the pancreas of wild-type (WT), AT1aϪ/Ϫ, and AT1bϪ/Ϫ mice. An aliquot of each real-time RT-PCR product was loaded on 2% agarose gel and stained with ethidium bromide after electrophoresis. Pancreas of WT mice expressed AT1a and AT1b receptor mRNA. As expected, AT1a receptor expression was undetectable in AT1aϪ/Ϫ mice, and AT1b receptor expression was undetectable in AT1bϪ/Ϫ mice.
found to be similar in WT and AT1aϪ/Ϫ mice. Cerulein treatment induced significant increases in AGT expression with no difference in the degree of this increase between WT and AT1aϪ/Ϫ mice (Fig. 5A) . The level of AT1b receptor mRNA was also similar between WT and AT1aϪ/Ϫ mice. It increased slightly with the cerulein treatment in WT and AT1Ϫ/Ϫ mice, but there was not a statistically significant difference in this increase between cerulein-treated WT and AT1aϪ/Ϫ mice Fig. 2 . Severity of cerulein-induced chronic pancreatitis in AT1a Ϫ/Ϫ and WT male C57BL6/J mice. Mice were subjected to 3 episodes of acute pancreatitis (6 cerulein treatments per day every other day for 3 treatments) and killed 3 days after the last treatment. A: loss of pancreatic weight relative to total body weight in ceruleintreated mice suggests significant atrophy (8 mice per group), *P Ͻ 0.001. B: histological changes in the pancreas of AT1a Ϫ/Ϫ and WT mice after repetitive episodes of acute pancreatitis (representative picture, hematoxylin and eosin stain, original magnification, ϫ200). a and b: pancreas from WT (a) and AT1a Ϫ/Ϫ mice (b) after control saline treatment show no abnormalities in untreated AT1a Ϫ/Ϫ mice. c and d: pancreas from cerulein-treated WT (c) and cerulein-treated AT1aϪ/Ϫ (d) mice show severe parenchymal atrophy, dedifferentiation to tubular complexes, and interstitial inflammation. There were no differences in these parameters of chronic pancreatitis between WT and AT1a Ϫ/Ϫ mice. Data are means ϮSE (n ϭ 4 mice per group). For the *acute inflammation, the content of acute inflammatory cells (neutrophils) was graded, and for the †chronic inflammation, the content of mononuclear cells was graded. For the description of the histopathology score see MATERIALS AND METHODS. ‡P values were calculated between cerulein-treated wild-type (WT) and AT1aϪ/Ϫ groups. (Fig. 5B) . Expression of AT2 receptor mRNA could not be detected in WT or AT1a Ϫ/Ϫ mice without cerulein treatment. After repetitive cerulein treatment, AT2 mRNA expression could be detected in the pancreas of WT and AT1aϪ/Ϫ mice although at significantly lower levels than AT1b mRNA (Fig.  5C ). There was no statistically significant difference between AT2 mRNA expression between WT and AT1aϪ/Ϫ mice.
Effect of AT1b receptor deletion on the severity of chronic pancreatic injury following repeated episodes of acute pancreatic injury.
To evaluate the role of the AT1b receptor in pancreatic remodeling and fibrosis, AT1bϪ/Ϫ and WT control mice (8 mice per group) were subjected to three episodes of acute cerulein injury per week and euthanized 3 days after the last cerulein injection according to the same protocol used for AT1aϪ/Ϫ mice. The ratios of pancreatic weight to body weight and histological changes in the pancreas were evaluated in the cerulein-treated mice and saline-treated control groups.
Similar to the AT1aϪ/Ϫ experiment, pancreatic weights were significantly (about twofold) lower in cerulein-treated groups compared with control mice (Fig. 6A) , indicating significant organ atrophy. No differences were noted between WT and AT1bϪ/Ϫ groups of mice without or with cerulein treatment. Morphological changes in the pancreas were assessed by hematoxylin and eosin staining (Fig. 6B) . Repetitive cerulein treatment induced notable changes in the pancreas similar to those described above for AT1aϪ/Ϫ mice ( Fig. 6B and Table 3 ). As with AT1aϪ/Ϫ mice, no differences were noted between AT1bϪ/Ϫ and WT groups.
Effect of AT1b receptor deletion on collagen deposition following repeated episodes of acute pancreatitis. Collagen deposition in the pancreas was measured and calculated using the same method as for AT1aϪ/Ϫ mice (see above). In control saline-treated mice, collagen staining was detected only in interlobular areas and around vessels and pancreatic ducts (Fig. 7Aa) . AT1b deletion did not change the pattern or intensity of collagen staining in these saline-treated control mice (Fig.  7Ab) . Repetitive cerulein treatment strongly increased interlobular and periacinar collagen staining both in WT and in AT1bϪ/Ϫ mice (Fig. 7 , Ac and Ad). Morphometric analysis confirmed that, although cerulein treatment caused a significant increase in the pancreatic collagen deposition, there was no difference in collagen content between WT and AT1bϪ/Ϫ mice (Fig. 7B) .
Effect of the AT1a and AT1b receptor antagonist losartan on repetitive cerulein-induced pancreatic injury. To evaluate whether simultaneous blockade of AT1a and AT1b receptor isoforms affects the course of cerulein-induced pancreatitis, WT cerulein-treated mice (8 mice/group) were treated with AT1 receptor antagonist losartan and compared with control cerulein-treated mice (8 mice/group). Losartan was delivered by IP injection because it was demonstrated in several studies that IP delivery of losartan produces biological effects in mice (27, 35) . Several doses of losartan, 0.5 mg/kg per day, 2 mg/kg per day, 5 mg/kg per day, and 20 mg/kg per day were evaluated. As a measure of severity of pancreatitis, we evaluated pancreatic weight relative to body weight, assessed histological changes by hematoxylin and eosin staining and evaluated fibrosis by Sirius red staining, analogous to what was described above for AT1a and AT1b receptor knockout mice. No differences were found in any of these parameters at any of the concentrations of losartan tested. Specifically, the pancreatic weight, pancreatic atrophy, and parenchymal changes evident by hematoxylin and eosin staining and Sirius red staining of collagen were identical to the changes observed with the AT1aϪ/Ϫ and AT1bϪ/Ϫ mice as described above.
DISCUSSION
Therapeutic interventions for chronic pancreatitis are limited and address symptoms and the complications of the disease rather than the underlying pathogenesis. Although the classical function of RAS is regulation of vascular homeostasis, RAS signaling has been implicated in the progression of inflammation and fibrosis in the heart, kidney, and liver (30) . Drug therapies targeting the RAS by inhibiting AII formation (ACEi) or by blocking ARBs are now in widespread clinical use and have been shown to reduce tissue injury and fibrosis in cardiac and renal diseases independently of their effects on blood pressure (3). All major components of RAS are present in the pancreas (19, 43) and are activated during pancreatic injury (18) . Using rat models of pancreatitis and different RAS inhibitors, it has been suggested that RAS blockade may be beneficial in the treatment and prevention of pancreatitis, but the data are controversial ranging from protection to worsening of pancreatitis depending on the animal species used, the model of pancreatitis, or the properties of individual blocking agent (7, 17, 38, (41) (42) 48) . Moreover, in humans, RAS inhibitors occasionally cause acute pancreatitis (2, 8 -9, 36) .
The objective of this study was to clarify the role of AT1 signaling in chronic pancreatitis to determine whether modulating this signaling pathway might be beneficial for preventing chronic pancreatitis. Although there are two major AII receptors, AT1 and AT2, the majority of the pathophysiological functions of AII are mediated through the AT1 receptor (40) . To evaluate the effects of AII signaling through the AT1 receptor, we utilized AT1 receptor knockout mice and the cerulein-induced mouse model of chronic pancreatitis, which we previously developed and validated (26, 44) . In contrast to humans, where there is only one AT1 receptor, rodents have two highly homologous AT1 receptors, AT1a and AT1b. The AT1a receptor is predominant in most tissues, but in the pancreas both of these receptors are expressed at a comparable level (19, 25, 44) . To evaluate the role of AII signaling in pancreatic injury, we compared the parameters of chronic pancreatitis in AT1a and AT1b knockout mice separately to age-and sex-matched WT controls.
A different AT1aϪ/Ϫ mouse has been evaluated in a similar model of chronic pancreatitis by a different group (25) and was found to have an alleviated response to pancreatic injury and decreased fibrosis. In contrast with this report, we did not find any differences in the degree of pancreatic injury and fibrosis in WT and AT1aϪ/Ϫ mice as assessed by pancreatic weight changes, parenchymal injury as assessed by hematoxylin and eosin staining, the degree of collagen deposition, and stellate cell activation. The mRNA expression of AGT was similar between WT and AT1aϪ/Ϫ mice with or without cerulein treatment. AT1b receptor mRNA expression was similar between WT and AT1aϪ/Ϫ mice without cerulein treatment and was slightly higher but not statistically significant in the AT1aϪ/Ϫ cerulein-treated group. Yamada et al. (48) found that, in Wistar Bonn/Kobori rats, which spontaneously develop chronic pancreatitis, blockade of AT1 receptor with candesartan enhanced the mRNA expression of AT2 receptor. They speculated that AII interaction with AT2 receptor may be involved in attenuation of pancreatic inflammation and fibrosis (48) . We reported recently that AT2Ϫ/Ϫ mice have increased severity of pancreatic fibrosis in cerulein model of pancreatitis (44) . The expression of AT2 receptor in the pancreas, as in most adult tissues, is very low but increases in response to injury (11, 44) . We evaluated the expression of AT2 mRNA in WT and AT1aϪ/Ϫ mice with and without cerulein-induced injury. Similar to our previous results, we were not able to detect the AT2 transcript without cerulein treatment both in WT and AT1aϪ/Ϫ mice; cerulein treatment raised the level of AT2 transcript into the measurable range at the same extent in WT and in AT1aϪ/Ϫ mice although it was about 10-fold less than the expression of AT1b receptor. It seems that the absence of AT1a receptor does not affect the level of AT2 expression in this model.
The role of AT1b in the development of pancreatitis has not been previously examined. We compared AT1bϪ/Ϫ mice and WT mice in a cerulein-induced model of chronic pancreatitis using the same parameters as for AT1aϪ/Ϫ mice. Similar to AT1aϪ/Ϫ mice, we did not find any differences in the degree of pancreatic injury and fibrosis between WT and AT1bϪ/Ϫ mice. The expression of AGT, AT1b, and AT2 receptors mRNA was not different between WT, AT1aϪ/Ϫ, and AT1bϪ/Ϫ mice with or without cerulein treatment (data not shown).
There is a possibility that AT1a and AT1b may have similar roles in pancreatic fibrosis and could compensate for each other. In this case, the evaluation of an AT1aϪ/Ϫ, AT1bϪ/Ϫ double knockout mouse would be useful. It is possible to obtain double knockouts by crossing AT1aϪ/Ϫ and AT1bϪ/Ϫ mice, but the resulting animals have diminished survival and a severe kidney phenotype (28). We were not able to breed enough double knockout mice and have them live long enough for our experiments. Nevertheless, we evaluated three AT1aϪ/Ϫ, AT1bϪ/Ϫ mice using this pancreatitis model and did not find any improvement in the degree of pancreatic injury and fibrosis compared with WT mice on the basis of hematoxylin and eosin staining and collagen measurements (unpublished observations).
Another approach to blocking both AT1a and AT1b receptor signaling is to use ARBs. We choose to use ARB losartan because it was reported that losartan ameliorates biochemical and histopathological changes of cerulein-induced acute pancreatic injuries in rats (41) . We are not aware of any reports using an ARB in a mouse model of pancreatitis. IP delivery of losartan was chosen because it was shown that IP injections of losartan in mice caused biological effects such as prevention of sepsis-induced acute lung injury (35) and regulation of blood pressure (27) . We , and AT2 (C) receptor mRNA expression in WT and AT1aϪ/Ϫ mice under normal conditions and after repetitive cerulein-induced pancreatitis. Expression of angiotensinogen and AT1b mRNA is normalized to acidic ribosomal phosphoprotein P0 and expressed as fold increase over the level in WT control mice. Because pancreatic AT2 mRNA level was undetectable in control mice, its level is expressed as fold increase over the level of AT1b mRNA expression in WT mice. Angiotensinogen was significantly induced by cerulein treatment with no difference between WT and AT1a Ϫ/Ϫ mice. AT1b mRNA was also induced by cerulein but to a lesser degree. The bars represent means (n ϭ 8), and error bars denote 95% confidence intervals. Confidence intervals were calculated using the ⌬Ct values before exponential transformation to fold increase in mRNA and are therefore asymmetric about the means; *P Ͻ 0.05. evaluated a broad range of the doses, but we did not find any difference in the degree of cerulein-induced pancreatic injury and fibrosis in our model between losartan-treated and control mice. The losartan used in this study was an effective ARB because it was able to block effects of AII in isolated mouse hepatic stellate cells (unpublished observations). The ARB candesartan was reported to suppress pancreatic inflammation and fibrosis in WBN/Kob rats, a strain that spontaneously Fig. 6 . Pancreatic weight and hematoxylin and eosin stains in AT1b Ϫ/Ϫ mice after repetitive episodes of acute pancreatitis (as described in Fig. 1) . A: loss of pancreatic weight relative to total body weight in cerulein-treated mice suggests significant atrophy (8 mice per group), *P Ͻ 0.001. B: histological changes in the pancreas of AT1b Ϫ/Ϫ and WT mice after repetitive episodes of acute pancreatitis (representative picture, hematoxylin and eosin stain, original magnification, ϫ400). a and b: pancreas from WT (a) and AT1b Ϫ/Ϫ mice (b) after control saline treatment showed no abnormalities in untreated AT1b Ϫ/Ϫ mice. c and d: pancreas from cerulein treated WT (c) and cerulein-treated AT1bϪ/Ϫ (d) mice showed severe parenchymal atrophy, dedifferentiation to tubular complexes, and interstitial inflammation. There were no differences in these parameters of chronic pancreatitis between WT and AT1b Ϫ/Ϫ mice. develops chronic pancreatitis with age (48). These differences could be attributed to a different mechanism of pancreatitis or may be species specific.
Overall, our findings indicate that AT1 signaling likely does not play a major role in the development of cerulein-induced chronic pancreatic injury and fibrosis in mice. The negative findings of this study are in contrast with the results of Nagashio et al. (25) , who, studying a different AT1a knockout mouse, reported that AT1a receptor signaling is not important in the pancreatic injury in acute pancreatitis but plays a role in pancreatic fibrosis. The source of this discrepancy is not clear because the background mouse strain, mouse age, and the injury model were similar between the studies. The different observations might be attributed to the length of cerulein treatment, which was longer in experiments reported by Nagashio et al. (25) . Of note, this type of discrepancy also happens in other experimental models of organ fibrosis. Two recent studies reported conflicting results on the role of losartan in bleomycin-induced pulmonary fibrosis (15, 50) . It seems that the effects of AT1 signaling on the fibrotic response to injury are highly species or model dependent. For example, blockade of AII signaling with an ARB attenuated the development of hepatic fibrosis in several animal models, such as the bile duct ligation model in rats or the model of pig serum-induced fibrosis (1), but did not influence liver injury and fibrogenic events in the choline-deficient diet model of steatohepatitis in rats (13) . In the pancreas, blockade of the AT1 pathway with losartan was reported to ameliorate pancreatic edema and amylase secretion in the "mild" model of cerulein-induced acute injury in rats (two injections of cerulein) (41) but failed to do so in a more severe model (six injections of cerulein) (4). In past years the classical concept of RAS has experienced significant conceptual changes from the limited-proteolysis linear cascade to a cascade with multiple mediators, multiple receptors, and multifunctional enzymes. Among the recent discoveries contributing to this evolving paradigm was the identification of ACE2 (6, 39) , the A(1-7)-forming enzyme, and of the G protein-coupled receptor Mas (33) as an A(1-7) receptor (reviewed in Ref. 32 ). ACE2-A(1-7)-Mas is coming to be viewed as the principle counterregulatory axis of RAS. This pathway was reported to participate in pathophysiology of different organs, including liver fibrosis (23) . This pathway has not been evaluated in the development of pancreatitis but may contribute to the observed species-and model-specific differences in the course of pancreatitis.
In conclusion, the results of the present study suggest that AT1 receptor signaling may not be essential for the development of cerulein-induced chronic pancreatic injury and fibrosis in mice and that ARBs might not be beneficial in the treatment or prevention of chronic pancreatitis. Whether this is also true in humans requires clinical trials because AT1 receptor signaling might be different in humans.
